Rapid progress toward the understanding of tropical cyclones has been made during the past 10 years, largely as a result of the development of numerical models. The dynamics and energetics of the mature tropical cyclone are reviewed in this article. First, the pressure, wind, temperature, and moisture structures of the hurricane are summarized. Then a scale analysis is applied over four separate regions of the hurricane domain to emphasize the most important dynamic processes in each region. The energetics of the tropical cyclone is examined in detail. The storm is shown to be a self-sustaining quasi-steady thermodynamic heat engine that is driven primarily by latent heat release. The relationship between latent heating and production of kinetic energy is discussed from the available potential energy viewpoint. The possibility of a steady state axisymmetric hurricane in a closed domain is considered. Although such a model appears possible from an energetic viewpoint, angular momentum considerations reveal that a steady axisymmetric closed system is impossible on any scale. For small domains (radius •500 km), in which axisymmetric circulations are possible, the system must be open in order that angular momentum be imported from the environment. For larger domains, axisymmetric circulations are unrealistic. The water vapor budget of the hurricane is examined to indicate the relative importance of evaporation and horizontal transport of water vapor in maintaining the moisture supply. Evaporation is shown to be an important percentage of the precipitation in the mature storm. Finally, the numerical modeling of tropical cyclones is summarized. An important problem in the development of hurricane models is the treatment or parameterization of the cumulus cloud scale and the hurricane scale interactions. The implications of the concept of conditional instability of the second kind on hurricane modeling are discussed. Results from several axisymmetric (two-dimensional) hurricane models, including attempts to simulate hurricane modification experiments, are summarized. Some recent results from a time-dependent three-dimensional hurricane model are presented. CONTENTS 
Intense rainfall occurs in the rising air near the center of hurricanes; for example, Silver Hill, Jamaica, reported an extreme figure of 245 cm of rain associated with a hurricane passage in 1909 [Dunn and Miller, 1964] . Thus it has been realized for some time [Espy, 1841] that the latent heat of vaporization associated with the heavy rainfall is an important energy source for the tropical storm. Tropical cyclones form over tropical oceans that exceed 26øC in sea surface temperature [Palm•n, 1948], and they occur most frequently during the warmest 4 months of the year. Their formation is favored in regions in which large cyclonic relative vorticity exists in the lower troposphere and the vertical wind shear is weak. A favorable position for these two conditions is the poleward side of the equatorial trough, where large-scale cyclonic horizontal shear is present. Eighty-seven percent of all storms form poleward of 20 ø latitude [Gray, 1967b] , the indication being that the local vertical component of the earth's rotation plays a significant role in their development. Seventyfive percent of all tropical storms develop in the northern hemisphere, the Pacific Ocean spawning over 50% of the global total [Gray, 1967b] . Tropical storm formation usua!ly proceeds from a preexisting tropical disturbance that consists of organized cloud and wind patterns. However, only about 10% of all tropical disturbances reach storm intensity, in spite of the superficially similar synoptic conditions associated with each disturbance. Thus the forecaster has the extremely difficult problem of somehow detecting in advance which disturbances will develop [Simpson et al., 1968] .
The average life-span of hurricanes is of the order of 1 week, but individual storms may survive indefinitely (greater than 4 weeks) if they remain over warm tropical water. The primary reason for the short average life expectancy is the tendency for tropical storms to move with the large-scale circulation out of the warm moist tropics where they originate and into the cooler more hostile environment of the middle latitudes.
In this review of the mature tropical cyclone we first summarize the three-dimensional pressure, temperature, wind, and moisture structure of the hurricane. These observational results form the basis for a scale analysis of the dynamic and thermodynamic equations that are relevant to the hurricane. The scale analysis shows that distinct regions of the tropical cyclone domain exist in which different physical processes are important.
Most of the tropical cyclone circulation is in gradient balance, the centripetal and Coriolis forces opposing the pressure gradient force. However, in the lowest kilometer or two, surface friction destroys the gradient wind balance, and air spirals inward toward the storm center, gaining kinetic energy as it accelerates toward low pressure. The strong cyclonic tangential circulation is produced by the inward advection of air with large absolute angular momentum from the hurricane environment. The inflowing air may not penetrate beyond some small radius, however, because of the excessively high velocities demanded by the quasiconservation of angular momentum. Instead the air turns upward in the eye wall, an intense ring of cumulus convection surrounding the relatively calm clear eye.
When the air reaches the upper troposphere, the increased static stability forces it to turn outward, where it acquires an anticyclonic circulation_relative to the earth. This anticyclonic circulation is a result of the loss of angular momentum to the sea along the air's low-level inflow trajectory. The outflow layer is quite asymmetric, and barotropic processes appear to play an important role in maintaining the kinetic energy of the eddies. ' After summarizing the important dynamic and thermodynamic processes in the hurricane circulation the energetics of the tropical cyclone is examined. The storm is shown to be a quasi-steady thermodynamic heat engine that is driven primarily by latent heat release. The link between latent heating and kinetic energy production is examined from the available potential energy viewpoint. The release of latent heat in the warm core maintains the hurricane's baroclinic structure and generates available energy, which is continuously converted to kinetic energy.
The energetics of the tropical cyclone suggests the possibility of modeling hurricanes with a steady state closed thermodynamic system with a horizontal scale on the order of several thousand kilometers. However, angular momentum considerations reveal that a steady axisymmetric closed storm domain on this scale is impossible. Instead large-scale eddies transport angular momentum from the environment into the storm system.
The water vapor budget also imposes constraints on the hurricane system and yields information on the role of evaporation and horizontal transport of water vapor in providing the moisture supply that is necessary for hurricane maintenance. An estimate of the depletion rate of preexisting water vapor in a system without evaporation is made. The ratio of evaporation to precipitation that is necessary to maintain a steady state moisture content in a domain with no net horizontal inflow of moisture across the outer lateral boundaries is also estimated.
Finally, the numerical modeling of tropical cyclones is reviewed. A major factor responsible for the progress in numerical modeling has been the differentiation between the cumulus cloud scale instability and the larger-scale instability associated with the development of the tropical cyclone (conditional instability of the second kind [Charney and Eliassen, 1964; Ooyama, 1964] ). This second instability and the implications on hurricane modeling are discussed.
The analytic axisymmetric (two-dimensional) model of Carrier et al. [1971] is contrasted with several axisymmetric numerical models. Results from recent experiments with an asymmetric (three-dimensional) hurricane model are summarized.
B. STRUCTURE OF THE MATURE TROPICAL CYCLONE
Aircraft observations and satellite photographs have provided a reasonably complete picture of the threedimensional structure of tropical cyclones. Although variations exist between individual storms, the characteristics discussed in the following subsections are typical and are present to an important degree in all tropical cyclones.
The Hurricane Eye
One of the most unusual and distinctive features of the mature hurricane is the eye, a more or less circular central region of the storm with a diameter varying between 5 and 50 km [Dunn and Miller, 1964] . The surface pressure attains its minimum value in the eye. The winds are light and variable inside the eye, in sharp contrast to the maximum winds that occur in the eye wall. The eye is typically free of significant cloud cover, in comparison to the surrounding region of thick clouds and torrential rainfall.
As was shown by Haurwitz [1935] , subsidence of upper tropospheric air of high potential temperature is necessary to achieve the extremely low hydrostatic surface pressure in the eye. The existence of this central core of subsidence is supported by the high temperatures [Sheets, 1969] and the absence of clouds. The dynamics of the eye and eye wall region are discussed in section C3.
Surface Pressure
The surface pressure field is one of the best known aspects of the hurricane. The surface isobars are nearly concentric circles with origin at the center of the storm. The minimum central pressure ever recorded is 887 mbar (about 90% normal atmospheric pressure), but a more common value is 950 mbar [Dunn and Miller, 1964] . Figure 1 shows the normalized surface pressure as a function of normalized radial distance, r/Ro for the typical hurricane [Fletcher, 1955] . The notation is defined on page 520. The radial pressure profile closely follows the exponential function P,, • exp (-Ro/r) over the interval 0 < ro/Ro < 10 [Meyers, 1957] ; the pressure falls slowly in the outer region of the storm but drops sharply inside the 100-km radius. About 50% of the total pressure drop occurs within 80 km, which is about twice the radius of max- 
through a mature hurricane (Hurricane Hilda, 1964) is shown in Figure 2 . The horizontal temperature gradient beyond the 100-km radius is relatively weak, averaging about 0.5øC/100 km. Inside 100 km the temperature rises sharply and reaches a maximum inside the eye. In the lower troposphere the warm core exists only in the eye, and there is some evidence of a slightly cooler annular region surrounding the eye in the low levels. The radial temperature gradient in the lowest 1-km layer is comparatively small, a characteristic with important implications for the air-sea interactions to be discussed in a later section. Like the surface pressure field the temperature structure is quite symmetric about the storm center.
Wind Structure
Strong cyclonic flow dominates the hurricane circulation throughout most of the radial and vertical extent of the storm. Radial motion is confined to the lowest one or two kilometers (the inflow layer) and the upper few kilometers (the outflow layer). The lowest layer is the frictional (Ekman) boundary layer, in which turbulent eddies transport momentum and kinetic energy to the surface, where they are lost to the sea. Figure 3 shows a low-level radial profile of the wind speed for Hurricane Helene [Schauss, 1962] . In this storm, gale-force winds extend to 400 km. The wind crosses the circular isobars at an angle of 20-40 ø in this layer [Schauss, 1962] From the top of the boundary layer to a height of about 10 km the radial flow is negligible in comparison to the tangential flow, which decreases slowly in speed with height. From 10 km to the tropopause (• 15 km) the hurricane circulation becomes quite asymmetric. This loss of symmetry is related to the greatly diminished radial pressure gradient, which is a hydrostatic consequence of the warm core system. The outflow occurs in one or two anticyclonically curving jets. These jets increase in scale with increasing distance from the storm center and eventually merge with the synoptic scale circulation. For example, the outflow layer for the intense Hurricane Camille (Figure 4 ) exhibits strong outflow mainly in the northeast and southeast quadrants.
The mean vertical motion throughout most of the hurricane circulation is weak. Subsidence occurs over a large area surrounding the storm (at radial distances greater than 300 km), as is evidenced by the nearly cloud-free atmosphere beyond this radius. (See Figure 5. ) Diagnostic studies utilizing observations [Malkus and Riehl, 1960 ] and theoretical models [Rosenthal, 1970b] indicate typical midtropospheric subsidence values of the order of 1 cm s -•. Upward motion occurs inside 300 km. The maximum circular mean updraft, as estimated from diagnostic [Hawkins and Rubsam, 1968] and theoretical models [Rosenthal, 1970b] , is of the order of 1 m s -• and occurs in the eye wall.
The horizontal winds diminish rapidly from the inner edge of the eye wall to the center of the storm and are light and variable inside the eye. The circulation from the origin to the radius of maximum wind is approximated frequently by solid rotation.
Moisture and Precipitation Distribution
The moisture structure of the tropical cyclone is determined primarily by the distribution of temperature and vertical motion. Because of the nearly exponential decrease of saturation vapor pressure with temperature the specific humidity is a maximum in the lowest levels and decreases rapidly with height. Figure 6 shows the mean specific humidity as a function of height observed within 222 km of the center of 92 hurricanes [Sheets, 1969] . Also shown in Figure 6 is the relative humidity profile (approximately equal to the ratio of observed to saturated specific humidity). Although the specific humidities are largely determined by the temperature structure, the relative humidities are determined mainly by the vertical motion pattern. Average values near 80% occur below 600 mbar within 222 km of the storm center, where the mean vertical velocity is upward and dense clouds are present. Beyond 300 km the subsiding air is considerably drier. The eye itself is also quite dry, middle tropospheric relative humidities sometimes being as low as 50% [Jordan, 1958] . The dry warm eye results from subsidence that produces the relatively cloud-free area in the center of fhe storm.
The clouds in the hurricane occur mainly in the region of mean upward motion. The dominant cloud type is convective; cumulonimbus clouds erupt in the ascending convectively unstable tropical air. The cloud bases coincide approximately with the top of the Ekman boundary layer. The many cumulonimbus clouds generate a dense cirrus canopy in the upper troposphere.
The precipitation pattern provides important clues to the relevant energetics and dynamics of tropical cyclones. The second important characteristic of the precipitation pattern is the relatively small percentage of total area covered by active echoes. Even within the inner 200-km radius the percentage is quite small (typically less than 10% ). This observation leads to the important conclusion that precipitation does not occur uniformly over the area of mean upward motion. attempt to relate the combined effects of the many clouds to larger-scale features of the circulation. This parameterization is discussed more completely in section G2.
C. DYNAMICS OF THE TROPICAL CYCLONE
The dynamics and energetics of the hurricane are quite different from the dynamics and energetics of the larger middle-latitude atmospheric vortices. Whereas extratropical storms depend primarily on the release of energy in strong preexisting baroclinic zones associated with boundaries of distinct air masses, tropical cyclones originate and are maintained in a comparatively barotrop{c homogeneous environment. Although the condensation of water vapor and the release of latent heat in moist convection are of secondary importance in the extratropical cyclone, they are the main sources of energy for the hurricane. The role of the planetary boundary layer is also fundamentally different in the two cyclonic systems. Although the boundary layer processes j modify the extratropical cyclone through frictional effects and varying amounts of heat and moisture addition, the cyclone is not dependent upon the boundary layer to the same extent as the hurricane is. In the hurricane the boundary layer processes are of primary importance.
Finally, the well-defined eye in the center of the storm is unique to hurricanes, and the vertical circulations associated with the eye are vital in producing the extremely low surface pressures.
A study of the distinctive hurricane dynamics and energetics, including the critical boundary layer processes of friction, evaporation, and sensible heating and the special role of the hurricane eye, may begin by a scale analysis of the dynamic and thermodynamic equations. b. Horizontal diffusion. It is difficult to determine an appropriate value for the horizontal eddy viscosity coefficient KH. We may estimate the order of magnitude, however, by representing KH as the product of a typical horizontal velocity perturbation and a characteristic eddy length scale lh corresponding to this velocity. Numerous aircraft data from hurricanes may be utilized to estimate u' and lb. Sample radial profiles of wind speeds, derived from a sampling frequency of one observation every 2 s [Hawkins, 1962] Representation of the vertical mixing of momentum associated with cumulus convection by an eddy viscosity coefficient is a rough approximation but yields an order of magnitude estimate of this effect [Rosenthal, 1970b] . We consider an environment occupied by a small fraction a of active 
respectively. Similar expressions may be written for (u) and u'. Multiplication of the expression for w'u' inside the cloud by a and the expression for w'u' outside the cloud by (1 -a) gives (w'u') = a(l -Ot)(We --We)(Ue --Uc)
• aWc(Uc -ue) This expression states that an equivalent vertical eddy viscosity coefficient representing cumulus momentum transport is proportional to the large-scale vertical velocity and the height above cloud base. For a value of (w) equal to 1 m s-• (appropriate to the inner region of the storm's domain) and he equal to 5 km, Ke equals 5 X 10 s m o. s -•, which is about 2 orders of magnitude greater than Kz.
Scale Analysis of Horizontal Equations of Motion
A simple scale analysis valid over the entire hurricane domain is not possible because the magnitude and shears (horizontal and vertical) of the radial and tangential components vary by more than an order of magnitude in different regions of the storm. Any subdivision of the total hurricane domain will be somewhat arbitrary. For example, a case could be made to consider the boundary layer at large and small radii, the inner eye, the eye wall region, the outflow layer at large and small radii, and the middle tropospheric layer. The dynamics in each of these regions are somewhat different. However, for simplicity, we consider only four subdivisions of the hurricane domain (Figure 8 Characteristic values of the scaling parameters, based upon observations, are listed by region in Table 1 . Table 2 
An interesting balance of forces that is not present in extra-
.tropical cyclones exists in the vicinity of the eye and eye wall (region III). Whereas advection and diffusion may be neglected in the radial equation of motion, so that only the gradient wind equation is left, the horizontal and cumulus diffusion terms and the inertial terms contribute substantially in the tangential wind equation. The importance of horizontal eddy diffusion is especially notable, since horizontal turbulence is usually negligible in comparison to vertical turbulence. In the time-dependent problem the tangential wind v is sensitive to KH, and so we also expect the radial flow u to be strongly affected through the v:/r term. Because small variations in u may greatly affect the low-level moisture convergence and the condensational heating rate, it is clear that horizontal diffusion is important, even thougli the gradient wind balance is valid to within an order of magnitude.
Dynamics of the Hurricane Eye
The dynamics of the hurricane eye and eye wall region (III) are less well understood than the dynamics of the other regions of the hurricane. Considerably more effort should be devoted toward understanding the processes that generate and maintain the eye because the eye is more than just a curiosity associated with the hurricane. The subsidence and associated dry adiabatic warming inside the eye allow much lower central pressures, and therefore stronger maximum winds, than would be possible with simply moist adiabatic ascent of low-level air. The importance of the eye may be seen in the strong coincidence between the stage of tropical storm development and the structure of the eye [Jordan, 1961] . Extremely warm dry eyes are almost exclusively associated with intensifying storms. During the weakening stage the eye soundings are much closer to the moist adiabatic lapse rate.
The dynamics of the eye and eye wall can be investigated by considering the angular momentum and energy budgets of air flowing toward the center of the storm [Kuo, 1958] However, the finite amount of total energy limits the maximum achievable wind speed. Therefore the inflowing current may not penetrate beyond some small radius but must turn upward and outward. Calculation by (24) and the conservation of angular momentum of this innermost radius, which may be identified as the radius of the eye wall, yields values larger than observed eye radii. The discrepancy is primarily a result of the neglect of angular momentum loss to the sea. In the more realistic case in which surface frictional effects are considered, the loss of angular momentum allows inflowing air to reach smaller radii and still satisfy the energy constraint. Thus the radius of the eye wall is determined by the original values of the air's total energy and absolute angular momentum and by subsequent changes in these quantities along the trajectory. The production of subsidence inside the eye may be explained as a consequence of the presence of supergradient winds in the vicinity of the eye wall at radii less than the radius of maximum wind, as was proposed by Malkus [1958] and Kuo [1958] . The outward acceleration that results from the supergradient winds in the eye produces a mean outward radial acceleration and a compensating sinking of air in the eye.
Adiabatic subsidence of air without mixing from the upper troposphere to levels near the surface would produce excessively warm and dry soundings in the eye. For example, undiluted descent from 200 mbar to 800 mbar of a parcel with initial temperature and humidity equal to those of the mean hurricane sounding [Sheets, 1969] would produce an 800 mbar temperature and humidity of 57øC and near 0%, respectively. However, observed values [Jordan, 1958] of temperature and humidity are about 19.0øC and 89%, respectively. Malkus [1958] showed that a realistic temperature and humidity structure in the eye could be produced by lateral mixing of the descending air with cooler moist air originating in the convective eye wall. The evaporation of liquid water reduces the compressional warming and increases the humidity of the subsiding air.
At least two, not necessarily contradictory, explanations exist for the supergradient winds that are responsible for the eye subsidence. According to the first hypothesis, proposed by Malkus [1958] and Kuo [1958] , the supergradient winds are generated by the horizontal diffusion of excessive tangential momentum inward from the radius of maximum wind. The large horizontal shear in the vicinity of the eye wall favors the development of eddies and strong lateral mixing. Proof that mixing does occur is shown by the observed temperature and humidity in typical eye soundings as discussed above. To determine the sign of the transport of angular momentum by these eddies, we consider the mean tangential wind structure of the hurricane eye. Thus steady state supergradient flow in the inflow layer may exist only if u 2 decreases toward the center, i.e., inside the radius of zero inward acceleration. Observations [Shea, 1972] confirm the close correspondence between decreasing inward radial flow and supergradient winds.
The horizontal diffusion
The supergradient winds above the boundary layer in the vicinity of the eye wall may be explained by the vertical transport of tangential momentum by cumulus clouds. Because of the storm's warm core the pressure gradient decreases upward. However, the air in the eye wall rises sufficiently rapidly that in spite of frictional effects, enough tangential momentum is conserved so that the air remains supergradient at higher levels.
Of course, both of the above processes may contribute to the production of the supergradient winds. Further observational and modeling studies are needed to ascertain the relative importance of each process.
Scale Analysis of Thermodynamic Equation
The thermodynamic equation (8) The value of O is 10øC for all regions in these estimates.
results from the fact that most of the local temperature increase due to condensation is offset by the upward transport of air with much lower potential temperature. Thus the diabatic heating rate is nearly canceled by the adiabatic cooling term.
Although some of the water vapor that condenses in rising air parcels reevaporates at the cloud edges and yields no net diabatic heating within the column, we may estimate the order of magnitude of the net latent heating rate from observed rainfall rates. The mean heating rate in a layer of pressure depth Ap is related to the rainfall rate according to 
D. ENERGETICS OF THE TROPICAL CYCLONE
We next consider the production of kinetic energy necessary to maintain the extreme winds against the continuous drain of kinetic energy by surface friction and internal mixing in the free atmosphere. The principal mechanism by which internal and potential energy (or available potential energy) are converted to kinetic energy is the acceleration of air toward low pressure in the inflow layer. The maintenance of the reservoir of available potential energy against this conversion must be related to the diabatic heating processes in order to complete the energy cycle. 
In the lower and middle troposphere, where the isobars are nearly circular and p' is small, this contribution is probably negligible. In the outflow layer the horizontal pressure gradient is weak if not symmetric, so that this term is small in the upper troposphere as well. A region in which this eddy conversion may be large locally is in the vicinity of the eye wall, where significant variations from a circular eye structure have been observed. However, the eye represents a very small area relative to the entire domain, and the integrated effect of this term is negligible. The important source of kinetic energy production in the hurricane is the radial flow toward lower pressure in the inflow layer, represented by u ap/ar. This inflow is a result of surface friction, which reduces the tangential wind speed and thereby destroys the gradient balance, so that the inward pressure gradient force exceeds the Coriolis and centripetal forces. In the warm core low the maximum pressure gradient (•9p/ar < 0) occurs at the lowest level, at which the inflow (u < 0) is maximum. In the outflow layer, where the radial flow is reversed, the pressure gradient is much weaker. The result is a net production of kinetic energy, dominated by the contribution from the inflow region.
A substantial dissipation of kinetic energy in the hurricane occurs in the boundary layer through turbulent diffusion and ultimate loss of energy to the sea surface. Empirical evidence [Hawkins and Rubsam, 1968 ] also indicates that dissipation of kinetic energy outside the boundary layer by vertical and horizontal eddies, including cumulus convection, is roughly equal to that inside the boundary layer. Since the kinetic energy production occurs mainly within the boundary layer whereas substantial dissipation occurs outside the boundary layer, the boundary layer must be responsible for a net gain of kinetic energy. Thus we have the paradox that surface friction is responsible for a net increase in kinetic energy and without friction the hurricane could not exist.
It also follows that a linear decrease of pressure with decreasing radius is not sufficient to allow the wind speed to increase inward in a balanced state over the effects of friction.'To prove this statement, we consider a balance between the centripetal, the Coriolis, and the frictional forces and neglect variations in density: 
A vailable Potential Energy Budget
The preceding section suggests that the conversion of total potential energy, defined as the sum of potential and internal energy, to kinetic energy in the mature hurricane approximately balances the sum of all dissipative effects and thus there is little net exchange of kinetic energy with the environment. To complete a consistent energy budget of the tropical cyclone, it is necessary to consider how diabatic processes maintain the total potential energy that is continually converted to kinetic energy.
The relation of heating and cooling to the maintenance of the total potential energy field may be examined from the available potential energy viewpoint. The available potential energy concept originates with Margules [1903] , who differentiated between the vast quantity of potential and internal energy that exists in the atmosphere and the relatively small percentage that may be converted to kinetic energy. For example, a hydrostatic barotropic fluid with no horizontal pressure gradients possesses considerable potential and internal energy, but no conversion to kinetic energy is possible.
The minimum total potential energy of a particular state of the atmosphere is obtained by an isentropic redistribution of mass to a hydrostatic barotropic atmosphere in which the pressure of each isentropic surface equals the mean pressure af that surface. Departures from this state represent energy that is available for conversion to kinetic energy, i.e., available potential energy. Thus baroclinity is closely associated with available potential energ3/, and diabatic processes that tend to create or maintain baroclinic fields generate available potential energy.
The available potential energy concept has most often been applied in the study of global atmospheric energetics [Lorenz, 1955 
In obtaining (45), we have used the conditions that for hydrostatic atmospheres, p•(O) equals (p)(0) and Psr equals (p•).
If heating vanishes on the upper boundary, the time rate of change of A is [Johnson, 1970] The production of kinetic energy through cross-isobar flow and the advection of kinetic energy is estimated from observed wind data. The dissipatio. n of kinetic energy at the sea surface is computed directly through the use of drag coefficients and the quadratic stress law. The dissipation of kinetic energy over the remainder of the storm outside the boundary layer is then estimated as a residual.
dA/dt = G(A) + C(A) + B(A)
Most of the energy budgets shown in Table 4 were computed from aircraft data and therefore cover only the interior portion of the storm (100-150 km from the center). At these short distances from the center the advection of kinetic energy from the outer portion of the storm is comparable to the production in the storm's interior. The sum of advection plus production should be comparable to the total production within the storm's domain (r _< 1000 km). However, this estimate will be too small because part of the kinetic energy produced beyond this radius is also dissipated outside this radius and does not appear in the advection term.
The sum of kinetic energy production and advection for •he The ratio of dissipation by internal friction to dissipation by surface friction varies over a wide range, from 0.17 for the mean storm to 2.1 for Hurricane Daisy on August 27. In view of this wide range the safest conclusion is that dissipation in the free atmosphere is of about the same order as boundary layer dissipation.
1•. ANGULAR MOMENTUM CONSIDERATIONS IN THE TROPICAL CYCLONE
Preceding sections have related kinetic energy production to latent heating and shown that it is primarily the radial circulation that is involved in the important energy transformations. The production of the tangential circulation, which composes the greatest portion of the kinetic energy, has not show cyclonic winds extending to great distances (r > 900 km) from the storm center; thus a steady state closed system is impossible on a scale of 1000 km. However, it is revealing to consider the angular momentum budget of the hurricane system and to estimate the influx of angular momentum required to maintain a steady state.
Development of Angular Momentum Budget Equations
We Table 5 for the outflow and inflow layers. The first term in (57) is the Coriolis torque due to the mean radial motion and represents the conversion of radial to tangential circulation. The absence of the conversion term at the equator, where f equals zero, helps explain why tropical storm formation does not occur within 10 ø of the equator [Gray, 1967b] . As is shown in Table 5 , the mean Coriolis torque represents a large positive contribution to the angular momentum budget in the inflow layer and the major negative contribution in the outflow layer. However, when the total Mean storm [Pfeifer, 1958] Mean storm [Palmbn and Riehl, 1957] Mean storm [Pfeifer, 1958] Lower Figure 10 beyond the 500-km radius. Steady state axisymmetric flow in this outer region would require air to ascend into the stratosphere in order to conserve angular momentum. Such vertical motion in a region O f high static stability requires extreme diabatic heating rates [Anthes, 1970] . Therefore steady state axisymmetric outflow is impossible at large distances (r > 500 km) from the storm center.
The outflow layer of actual storms indeed exhibits a great degree of asymmetry, as was indicated earlier by a sizable eddy flux of angular momentum. Fairly large scale eddies (wave numbers one and two around the storm) are persistent in time, and the transport of angular momentum by these eddies at radii greater than 500 km is sufficient to satisfy the above angular momentum and energy constraints [Palmbn and Riehl, 1957; Pfeifer, 1958; Black and Anthes, 1971 ] .
Because the angular momentum and energy constraints on the hurricane outflow have restricted the axisymmetric por-tion of steady flow to r < 500 km, whereas the total angular momentum budget requires a large import of angular momentum across this radius to offset frictional loss to the sea, it follows that a closed steady state axisymmetric hurricane is impossible on any scale. A domain for which the axisymmetric assumption is valid (r0 • 500 km) must be open at the lateral boundaries, and a net input of cyclonic relative angular momentum must occur to maintain the steady state.
For domains on the order of 1000 km or greater the axisymmetric restriction is unrealistic.
F. WATER VAPOR BUDGET OF THE TROPICAL CYCLONE
The water vapor budget is extremely important in determining the intensity of the mature hurricane. A necessary condition for hurricane maintenance is the availability of an abundant water vapor supply in the Ekman boundary layer because water vapor convergence in this layer determines the latent heating rate. For a steady state storm the influx of moisture through the lateral boundaries plus evaporation from the sea must equal the precipitation. Because of the near equality between the two large terms representing diabatic heating and adiabatic cooling in the eye wall, hurricane intensity is very sensitive to small percentage changes in latent heating. Furthermore, the buoyancy of cumulus clouds is also sensitive to the surface equivalent potential temperature 0,, which is a strong function of the low-level moisture content. In the eye wall, where lapse rates are nearly moist adiabatic, even a slight decrease in boundary layer 0e will greatly reduce the buoyancy of cumulus clouds. Therefore evaporation is important not only in increasing the total amount of water vapor available for condensation but in maintaining a sufficiently large boundary layer 0e so that cumulus convection may continue despite the increased static stability of the mature storm.
Although most meteorologists agree that evaporation from the sea surface represents a necessary process in maintaining a high boundary layer water vapor content, a recent alternative view regards the preexisting ambient water vapor in the hurricane environment as a sufficient source of boundary layer water vapor and minimizes the importance of evaporation [Carrier et al., 1971 ]. This latter hypothesis will be examined in section G. At this point we derive a simplified water vapor budget and calculate the evaporation rate that is required to maintain a steady hurricane. In the budgets discussed in this paper we consider radially uniform subsidence beyond R0 and vertically constant radial flow in the boundary layer (region II). These assumptions are equivalent to the neglect of horizontal and vertical eddy fluxes of water vapor between regions.
To reduce the specification of the radial and vertical mass circulation to a single parameter U, the mean inflow in the boundary layer across radius R0, we note that the mass inflow (ru) is relatively constant with radius in hurricanes [Malkus and Riehl, 1960 
p Oz h It is noteworthy that the assumptions made in the derivation of (78) are best satisfied under conditions of strong winds and that the flux predicted by this formula is most accurate when the transfer is large [Garstang, 1967] .
To determine the size of the domain for which evaporation could equal precipitation, we consider the extreme case in which advection of moisture from the middle troposphere is neglected and set In a steady system, in which there is no net lateral inflow of water vapor, the ratio of evaporation to precipitation will approach unity as the ambient reservoir of moisture is depleted. Figure 12 shows the required ratio of evaporation to precipitation in a steady state closed system after 10 days (obtained from equations (71) and (72)). Even for weak storms of large radial extent the evaporation represents a significant contribution to the water vapor budget.
In summary, the water vapor budget for a closed system indicates that evaporation from the sea must equal a significant percentage of the precipitation rate in order to maintain a steady harricane. Furthermore, the required evaporation rate is easily obtained over domains of 1500-to 2000-km radius.
Empirical Water Vapor Budgets
In the previous section the water vapor budget for the entire hurricane system was discussed for a domain with radius of the order of 1000-2000 km. Empirical budgets for domains of this size are not available; however, a number of budgets for much smaller domains (r • 150 km) have been reported (Table 6 ).
In the water vapor budgets presented in Table 6 Also included in Table 6 are two estimates of evaporation. over radial rings of relatively small areas near the center of Hurricane Betsy [Machta, 1969] . These direct estimates are made from Ostlund's [1967] tritium measurements and are comparable to the indirect estimates made by previous investigators.
As the outer radius of the hurricane volume increases, the ratio of evaporation within the volume to transport across the boundary undoubtedly increases. Beyond about 500 km, where the mean radial mass flux decreases with increasing radius, the evaporation may become the dominant source of water vapor to the entire volume.
G. MODELING OF TROPICAL CYCLONES
The preceding sections have discussed the physics of mature tropical cyclones and the constraints upon the hurricane system that are imposed by the energy, angular momentum, and water vapor budgets. Although such a simplified treatment is instructive in understanding the hurricane, it is of little practical use in predicting individual storms. In order to forecast hurricane development and motion successfully with actual data, the equations describing the behavior of the atmosphere must be solved, or approximately solved, in a manner that retains all the significant physical processes discussed in the earlier sections. Secondorder effects that are neglected in scaling estimates must also be retained. Certainly, the simplifying assumptions of axisymmetry and steady flow must be abandoned. Faced with the complexity of the time-dependent equations in three spatial dimensions, meteorologists have turned to the computer in an effort to progress beyond the qualitative understanding of hurricane dynamics and energetics. With the sudden increase in computer capability and availability in the 1960's, progress in tropical cyclone modeling has been spectacular. Numerical simulations of symmetric and asymmetric hurricanes have contributed to the understanding of the dynamics and energetics of these storms. However, the numerical prediction of hurricane development and motion with observational data has essentially been postponed in deference to basic theoretical modeling. Much more work is needed on the development of models that will be useful to the forecaster who must predict the behavior of individual storms.
This section reviews several recent tropical cyclone models, which are listed in Table 7 . Although this section is primarily concerned with time-dependent models, one steady state analytic model is discussed briefly.
Carrier's Steady State Hurricane Model
An analytic approach to the steady state axisymmetric hurricane problem has recently been proposed by Carrier et al. [ 1971 ] in an interesting and thought-provoking analysis of hurricane dynamics. Carrier partitioned the hurricane into four dynamically distinct regions: an updraft region of intense convection that tilts outward with height and includes the outflow layer, a boundary layer, an inactive region separating the outflow and inflow layers, and the eye, in which subsidence of dry air occurs. Approximate solutions for the axisymmetric quasi-steady hurricane were obtained analytically for these four regions. A major advantage of the Carrier model compared to the numerical models is its simplicity, since the essential features of hurricane dynamics may be described without resort to extensive computing facilities.
The basic physics of Carrier's model is very similar to that of other models. Latent heating is the primary energy source. Subsidence of dry warm air in the eye produces the extremely low pressures observed in hurricanes. The inflow circulation is produced when surface friction destroys the gradient balance between Coriolis, centripetal, and pressure gradient forces. The tangential circulation develops in the inflow layer through the conservation of angular momentum.
A difference between Carrier's analytic model and numerical models is that he emphasizes the environmental reservoir of moisture supply necessary to drive the storm. The numerical models indicate that hurricane maintenance is strongly dependent on increased evaporation from the sea. In Carrier's view the water vapor supply is the ambient energy Multilevel model utilized to study radial resolution. An explicit water vapor cycle was added [Rosenthal, 1970b] , and nonconvective latent heat release modeled. The effect of initial humidity was studied. Artificial enhancement of heating was investigated [Rosenthal, 1971a] . The vertical partitioning of latent heat release, radiational cooling, and artifical enhancement of heating were investigated. Although the axisymmetric steady models are useful in studying particular processes in a mature hurricane, they are by nature incapable of describing the complicated interactions and feedbacks between all the variables that are responsible for the growing, mature, and decaying stages of the tropical storm. To treat these interesting interactions fully and obtain solutions of practical use to the forecaster, a complete time-dependent model is necessary.
Prognostic Models
Early numerical experiments with prognostic multilevel axisymmetric models were able to continue for only several hours before growth of the smallest resolvable scale associated with gravitational instability dominated the calculations. The unbounded growth of the small convective scale in preference to the cyclone scale was a consequence of the appropriateness of the latent heating formulation to the cloud scale rather than the hurricane scale. In extratropical regions, which are normally conditionally stable, most of the large-scale condensation heating is derived from stable moist adiabatic ascent. In the conditionally unstable tropics, however, large-scale lifting results in small-scale convection [Bjerknes, 1938] . The large-scale heating of the environment by these smaller-scale clouds is a complicated process involving entrainment, horizontal and vertical mixing, and vertical eddies on the cloud scale, including compensating downdrafts, as was shown by Gray [1972] [1964] proposed that the cumulus scale and the tropical cyclone scale disturbances cooperate. rather than compete in the cyclone system, the convection providing the release of energy needed to drive the storm and the large-scale frictionally induced convergence of moisture providing the fuel for the convection. Growth of the larger-scale quasi-balanced circulation due to this interaction, termed 'conditional instability of the second kind (CISK),' occurred on reasonable time and space scales for the developing tropical depression. The CISK concept circumvented the problem of the explicit prediction of convective heat release and the associated gravitational instability and provided for a rapid advance in hurricane modeling.
An early and simple scheme for parameterizing the release of latent heat and vertical transport of water vapor was proposed by Kuo [1965] . b. Recent axisymmetric hurricane models. Ooyama [1964, 1967, 1969 ] modeled the tropical cyclone with an energetically consistent balanced three-layer model of an incompressible homogeneous fluid. Ooyama's model was the first to exhibit a life cycle of growth, maturity, and decay. The structure and energy budget associated with his model were remarkably similar to those of hurricanes. Several experiments demonstrated the importance of a high sea surface temperature and the related sensible and latent heat supply from the ocean, a result confirmed by later models [Rosenthal, 1971b] . Variations in the drag coefficient and the coefficient of latent and sensible heat exchange were found to be crucial parameters in determining the development of the model storm. It was also shown that the rate of development, but not the ultimate structure of the mature storm, was dependent on the strength of the initial vortex.
Further aspects of the hurricane were studied with axisymmetric multilevel models by Yamasaki [1968a The absence of an explicit large-scale water vapor cycle was a deficiency present in the above hurricane models. In the first experiments, which contained an explicit forecast of water vapor, Rosenthal [1970b] found that the initial large-scale relative humidity was an important variable in determining the development rate of the hurricane. In agreement with observations, nonconvective precipitation was a significant percentage of the total rainfall. His model also provided for the possibility of convection originating from layers other than the boundary layer if conditional instability and a supply of water vapor were present simultaneously. Further experiments with this model [Rosenthal, 1971b] showed that the addition of latent heat at the sea-air interface was far more important than the addition of sensible heat. Sundqvist's [1970a] ten-level axisymmetric model verified Yamasaki's [1968a] finding that more rapid storm development occurred when a larger proportion of heat was released in the middle troposphere. He later found that radiative cooling increased the rate of development but did not significantly affect the maximum intensity of the storm [Sundqvist, 1970b] . c. Utilization of axisymmetric models to simulate storm modification. Although hurricane modification simulation experiments are currently a subject of controversy, the immense importance of the subject warrants a brief review. The testing of hypotheses for hurricane modification is an important potential use for hurricane models. Two approaches to the hurricane modification problem that have received considerable attention are the suppression of evaporation from the sea and the seeding of cumulus clouds within the hurricane. The probable effect of the reduction of evaporation is relatively certain from a theoretical viewpoint. As was indicated earlier, model storm intensities are strongly dependent on evaporation from the sea. However, the technological difficulties of suppressing evaporation under hurricane conditions have prevented experimentation along these lines.
Although the probable effect of cloud seeding on hurricane intensity is far more obscure than that of a reduction in evaporation, cloud-seeding technology is relatively advanced, and hurricane modification by this technique has been attempted on several occasions [Gentry, 1969 [Gentry, , 1970 . The determination of the response of the hurricane to cloud seeding is very complicated. We must determine not only the response of the individual clouds to the seeding but also the subsequent feedbacks between the cloud and the hurricane scale motions.
Several variations of the cloud-seeding hypothesis are discussed by Gentry [1969] and Rosenthal [1971a] . The most promising hypothesis of maximum wind reduction is based on the increase of cumulus convection at some distance beyond ß the outer edge of the main ring of convection (the eye wall). This increased convection at a greater radius from the storm center would compete with the old eye wall for the available water vapor and angular momentum in the inflow layer. If the percentage of total inflowing air that reaches the small radial distance of the old eye wall decreases, angular momentum considerations require a reduction in maximum wind speed.
Although the parameterization of cumulus convection in the numerical models has been very crude, several axisymmetric models have been utilized as guidance for field modification experiments that involve cloud seeding in hurricanes. However, hurricane models do not yet contain an explicit treatment of cloud physics appropriate to cumulus convection. The models that employ cumulus parameterizations can simulate only the effect of an artificial increase in the latent heating function on the storm's dynamics. These models assume that cloud seeding results in an increase in the transfer of heat to the large scale. Results from these experiments have been somewhat ambiguous, mainly because of the variations in the models and in the numerical treatment of the seeding effect. Rosenthal [1971a] and Rosenthal and Moss [1971] showed that adding heat beyond the radius of maximum wind was more effective in reducing maximum wind speed than adding heat inside the radius of maximum wind. Sundqvist [1970b] found that a heating increase by a factor of 2 or 3 at large radii had the desired qualitative effect of spreading out the maximum vertical motion but that the magnitude of the maximum wind reduction was very small, a result later supported by Anthes [1971c] . obtained reductions in maximum wind speed by as much as 50% with relatively small redistributions in the latent energy of the storm; however, the amount of reduction depended greatly on the arbitrary form of the redistribution.
On the other hand, Sundqvist [1972] found an increase of maximum wind speed associated with a heating increase, regardless of where the heating was applied. He found the greatest increase when the heat was added inside the radius of maximum wind. The increase when heat was added beyond the radius of maximum wind was apparently due to increased water vapor convergence at all radii caused by the artificial heating.
We may conclude that the models have been of some use in testing various seeding hypotheses but have not yet provided conclusive answers regarding the effect of seeding on hurricane intensity. Models now being developed [Rosenthal, 1973] in which the cumulus convection is treated more realistically will be useful in assessing the effect of cloud seeding., Later experiments with a more advanced version of the asymmetric model [Anthes, 1972] established that a form of dynamic instability of the horizontal flow in the outflow layer was the primary cause of the development of asymmetries, the kinetic energy of the azimuthal mean flow providing the energy for the eddies. Rapid growth of the asymmetries in the outflow layer was associated with the production of negative absolute vorticity.
Well-defined and persistent rainbands occurred in the later version of the model (Figure 13 ). The formation of these bands was nearly simultaneous with the breakdown of symmetry in the upper-level flow, a coincidence that suggested a possible relation between the two events. The spiral bands formed continuously near the center of the storm and propagated outward at a speed of about 12 m s -•. 4. The development of model hurricanes is quite sensitive to the initial kinetic energy of the disturbance and to the initial large-scale static stability and moisture distribution, in addition to the sea temperature. For attainment of hurricane strength in a reasonable time (1-5 days) the moisture and temperature structure of the environment in the vicinity of a cyclonic disturbance must be unusually favorable for intensification; thus hurricane development is relatively infrequent.
Summary of Model Results

Besides
5. The overall size of the storm, as predicted by linear theory, is a function of latitude, larger storms occurring at higher latitudes.
6. The development of horizontal asymmetries in the outflow layer appears to be related to dynamic instability, mean kinetic energy being converted to eddy kinetic energy through barotropic processes. The dynamic instability is not necessary for the formation of tropical cyclones but may be generated as a consequence of overall storm development.
7. Model hurricanes indicate that some reduction in maximum wind speed near the center might follow from an increase of heating at distances beyond the radius of maximum wind. This result is tentative and will require confirmation
